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(g) Method of and apparatus for miaking near-bit measurements while drilling. 


@ In accordance with illustrative embodiments of 
the present invention, a measuring-while-drilling sys- 
tem Includes a sensor sub (22) positioned at the 
lower end of a downhole motor assembly (14) so 
that the sub is located near the drill bit (13). The sub 
houses instrumentalities that measure various down- 
hole parameters such as inclination of the borehole, 
the natural gamma ray emission of the formations, 
the electrical resistivity of the formations, and a 
number of mechanical drilling performance param- 
eters. Sonic or electromagnetic telemetry signals 
representing these measurements are transmitted 
uphole to a receiver (T) associated with a conven- 
tional MWD tool located above the motor (14), and 
telemetered by this tool to the surface substantially 
in real time. The system has particular application to 
accurate control over the drilling of extended reach 
and horizontally drilled wells. 
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BACKGROUND OF THE INVENTION 

To make downhole measurements while a 
borehole is being drilied. measuring-while-drilling 
(MWD) and/or a logging-while-driliing (LWD) sys- 
tems are generally known which measure various 
useful parameters and characteristics such as the 
inclination and azimuth of the borehole, formation 
resistivity, and the natural gamma ray emissions 
from the formations. Signals which are representa- 
tive of these measurements made downhole are 
relayed to the surface with a mud pulse telemetry 
device that controls a valve which interrupts the 
mud flow and creates encoded pressure pulses 
inside the drill string. The pulses travel upward 
through the mud to the surface where they are 
detected and decoded so that the downhole mea- 
surements are available for observation and inter- 
pretation at the surface substantially in real time. 

In drilling a directional well, it is common prac- 
tice to employ a downhole drilling motor having a 
bent housing that provides a small bend angle in 
the lower portion of the drill string. If the drill string 
is not rotated, but merely slides downward as the 
hole is deepened by the bit being rotated only by 
the motor, the inclination and/or the azimuth of the 
borehole will gradually change from one value to 
another on account of the plane defined by the 
bend angle. Depending upon the "tool face" angle, 
that is, the compass direction in which the bit Is 
facing as viewed from above, the borehole can be 
made to curve at a given azimuth or inclination. If 
rotation of the drill string is superimposed over that 
of the output shaft of the motor, the bend point will 
simply orbit around the axis of the borehole so that 
the bit normally will drill straight ahead at whatever 
inclination and azimuth have been previously es- 
tablished. The type of drilling motor that is pro- 
vided with a bent housing usually is referred to as 
a "steerable system". Thus, various combinations 
of sliding and rotating drilling procedures can be 
used to control the borehole trajectory in a manner 
such that eventually It will proceed to a targeted 
formation. Stabilisers, a bent sub, and a "kick-pad" 
also can be used to control the angle build-up rate 
in sliding drilling, or to ensure the stability of the 
hole trajectory In the rotating mode. 

When the above-mentioned MWD system is 
used in combination with a drilling motor, the tool 
is located a substantial distance above the motor 
and drill bit. Including the length of a non-magnetic 
spacer collar and other components that typically 
are connected between the tool and the motor, the 
MWD tool may be positioned as much as 40-200 
feet above the bit, which nec ssarily means that 
the tool's measurements are made a substantial 
distance off-bottom. Although such location is quite 
adequate for many drilling applications, there are 


several types of directional wells where it would be 
highly desirable to make the measurements much 
closer to the bit. 

For example, where a plurality of "long reach" 

5 well bores are being drilling from a single offshore 
platform, each well bore is started out substantially 
vertically and then curved outward toward a target. 
After being curved, the well bore is drilled along a 
long, straight path that is tangent to the curve until 

10 it reaches the vicinity of the target. There, the 
borehole is curved downward and then straigh- 
tened so that it crosses the formation in either a 
substantially vertical direction or at a low angle with 
respect to vertical. In this type of directional well, 

75 the bottom section of the hole can be horizontally 
displaced from the top thereof by many hundreds 
and even thousands of feet. The drilling of the two 
curved segments, as well as the extended reach 
inclined segment, must be carefully monitored and 

20 controlled in order that the location where the hole 
enters the formation is as planned. Near bit mea- 
surements would allow early monitoring of various 
characteristic properties of the drilled formations, 
and allow correction of improper well bore trajec- 

25 tory. Indeed, without such measurements, it may 
be necessary to back up and set a cement plug 
higher in the well bore and then drill on a corrected 
trajectory. 

Another type of borehole where very accurate 

30 control over the trajectory of the borehole must be 
carefully maintained is one whose lower portion 
extends horizontally within, rather than vertically 
through, the targeted formation. It has been recog- 
nized that horizontal well completions can provide 

35 significant increases In hydrocarbon production, 
particularly in relatively thin formations. To insure 
proper drainage of the formation, it is important that 
the well bore stay well within the confines of the 
upper and lower boundaries of the formation, and 

40 not cross either boundary. Moreover, the borehole 
should extend along a path that optimizes the pro- 
duction of oil rather than the water which typically 
is found in the lower region of the formation, or gas 
which typically is found near the top thereof. Care 

45 also must be taken that the borehole does not 
oscillate, or undulate, above and below a generally 
horizontal path along the center of the formation, 
which can cause completion problems later on. 
Such undulations can be the result of over-correc- 

50 tions caused by the measurements of directional 
parameters not being made near the bit. 

In addition to making downhole measurements 
such as the inclination of the borehole near the bit 
which enable accurate control over borehole trajec- 

55 tory, it would also be highly desirable to make 
measurements of certain characteristic properties 
of the earth formations through which the borehole 
passes, particularly where such properties can be 
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used In connection with trajectory control. For ex- 
ample. Identifying a "marker" formation such as a 
layer of shale having characteristics that are known 
from logs of previously drilled wells, and which is 
known to lie a certain distance above the target 
formation, can be used to great advantage in se- 
lecting where to begin curving the borehole to 
insure that a certain radius of curvature will indeed 
place the borehole within the targeted formation. A 
marker shale, for example, can generally be de- 
tected by its relatively high level of natural radioac- 
tivity while a marker sandstone formation having a 
high salt water saturation can be detected by its 
relatively low electrical resistivity. Once the 
borehole has been curved so that it extends gen- 
erally horizontally within the target formation, these 
same measurements can be used to determine 
whether the borehole is being drilled too high or 
too low in the formation. This is because a high 
gamma ray measurement can be interpreted to 
mean that the hole is approaching the top of the 
formation where a shale lies as an overburden, and 
a low resistivity reading can be interpreted to mean 
that the borehole is near the bottom of the forma- 
tion where the pore spaces typically are saturated 
with water. 

The advent of extended reach and horizontally 
completed wells has provided geological targets 
that demand increased accuracy in directional drill- 
ing procedures. To provide more accurate control, 
it would be extremely advantageous if the down- 
hole measurements could be made as near to the 
bit as is practically possible to gain information at 
the earliest point in time on which trajectory 
change decisions could be made. However, since 
the lower section of the drill string is typically 
crowded with a large number of components such 
as a drilling motor power section, bent housing, 
bearing assemblies and one or more stabilizers, 
the provision of a sensor sub near the bit which 
houses a number of rather delicate measuring in- 
strumentalities has not yet been accomplished for 
several reasons. For example, there is the problem 
of telemetering signals that are representative of 
such measurements uphole in a practical and reli- 
able way, particularly if a mud pulse telemetry 
system was used where the pulses would have to 
pass through the power section (rotor/stator) of a 
downhole drilling motor. 

The present invention is directed to a sensor 
sub or assembly that is located in the drill string 
very near to the bit, and which includes various 
transducers and other means for measuring vari- 
ables such as inclination of the borehole, the natu- 
ral gamma ray mission and electrical resistivity of 
the formations, and variables related to the p rfor- 
mance of the mud motor. Signals representative of 
such measurem nts are telemetered uphole a reia- 
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tlvely short distance to a receiver system that sup- 
plies corresponding signals to the MWD tool lo- 
cated above the drilling motor. The receiver system 
can either be connected to the MWD tool or be an 
5 integral part thereof. The MWD tool then relays the 
information to the surface where it is detected and 
decoded substantially in real time. 

An MWD system disclosed in U.S. Pat. No. 
4,698,794 detects the rotation rate of the shaft of a 

70 downhole turbine and converts this measurement 
into a series of high frequency pressure pulses in 
the mud flow stream inside the collars above the 
turbine. These pulses are detected by a pressure 
transducer in an MWD tool located further above 

15 the turbine, and the MWD tool then transmits re- 
lated pressure pulses at a lower frequency to the 
surface. Although this patent suggests the use of a 
telemetry system having lower and upper transmis- 
sion channels, the sensor for detecting the turbine 

20 rpm and the means for producing pressure pulses 
is located near the top of the drilling motor, and 
thus is a substantial distance above the bottom of 
the borehole. This patent also fails to teach or 
suggest any means by which important borehole 

25 parameters, or any geological characteristics of the 
formations, might be measured below the MWD 
tool. 

In light of the above, a general object of the 
present invention is to provide methods and ap- 

30 paratus for making near-bit measurements that can 
be used to accurately control the .directional drilling 
of a well bore. 

Another object-df. the present invention is to 
provide a measuring-while-drilling system where 

35 measurements made : near the bit are telemetered 
uphole to another telemetry system which relays 
signals to . the surface that are representative of 
such measurements. . 

Still another object of the present invention Is 

40 to provide a sensor sub of the type described 
which measures borehole trajectory parameters as 
well as certain geological formation characteristics 
which aid in maintaining accurate control over the 
direction of a well bore so that it can be made to 

45 penetrate and remain within a targeted formation. 

Yet another object of the present invention is to 
provide a sensor sub of the type described which 
measures borehole trajectory parameters and cer- 
tain geological formation characteristics which aid 

50 in maintaining accurate control over the direction of 
a well bore so that it can be properly curved and 
then extended within a targeted region of an earth 
formation. 

. Another object of the pres nt invention is to 
55 provide certain azimuthally focused measurements 
which are used to ensure proper diagnosis of a 
change in direction that is needed to correct an 
improper wellbore trajectory. For xample. when 
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the drilling of a horizontal wellbore that extends into 
a hydrocarbon-bearing sandstone reaches a shale 
strata, the geological measurements made with the 
near-bit sensors will detect the transition and can 
be used to determine whether the well trajectory 
should be corrected upward or downward since 
such azimuthally focused measurements will show 
whether the shale layer is above or below the 
sandstone layer. 

Another object of the present invention is to 
provide a sensor sub of the type described that 
measures downhole equipment parameters such as 
motor shaft RPM which enable a continuous moni- 
tor of the drilling process, for example respecting 
wear of the motor stator, optimum weight-on-bit, 
and motor torque. 

Yet another object of the present invention is to 
provide a sensor assembly of the type described 
that measures parameters such as vibration levels 
that may adversely affect the measurement of oth- 
er variables such as inclination and lie in a regime 
which can produce resonant conditions that reduce 
the useful life of tool string components. Such 
measurement also can be used in combination with 
surface pump pressures to analyze reasons for 
changes in the rates at which the bit penetrated the 
rocks. 

SUMMARY OF THE INVENTION 

These and other objects are attained in accor- 
dance with the present invention through the provi- 
sion of an apparatus for use in making downhole 
measurements during the drilling of a borehole 
using a downhole mud powered drilling motor that 
drives the drill bit. Preferably, the housing assem- 
bly of the motor is constructed or can be adjusted 
to provide a bend angle that causes the borehole 
to curve unless drill string rotation is superimposed 
over the rotation of the motor drive shaft, in which 
case the path will be essentially straight. A sensor 
sub housing of the present invention preferably is 
positioned between the upper and lower bearing 
assemblies at the lower end of the motor and near 
the bit The sensor sub houses instrumentalities for 
making measurements of certain borehole param- 
eters, motor and bit perfonmance parameters, and 
various characteristic properties of the formations 
being drilled. Signals representative of such mea- 
surements are telemetered uphole to a receiver 
sub that is located in the drill string above the 
drilling motor. The receiver sub detects these sig- 
nals' and applies them to a measuring-while-drilling 
tool, which relays signals r representative of the 
measurements to the surface. Locating the sensor 
sub between the bearing assemblies of the motor 
optimizes its near-bit location. 


The telemetering system employed by the sen- 
sor sub produces either sonic vibrations that travel 
through the walls of the metal pipe members 
thereabove to the receiver sub, or modulated elec- 

6 tromagnetic signals that pass through the earth 
formations and are picked up by an antenna at the 
receiver sub. The latter e-mag telemetry system is 
disclosed in further detail in co-pending U.S. Pat. 
Application S.N. 786.137, filed 31 October 1991 

10 and assigned to the assignee of this invention. This 
application is incorporated herein by express refer- 
ence. As noted above, the telemetering system 
employed by the MWD tool preferably produces 
pressure pulses in the mud stream inside the drill 

15 pipe and is capable of transmitting intelligible in- 
formation to the surface over distances of many 
thousands of feet. 

The geological properties measured by the 
sensor sub of the present invention preferably in- 

20 elude natural radioactivity (particularly gamma rays) 
and electrical resistivity (conductivity) of the forma- 
tions surrounding the borehole. These properties 
have been found to be particularly useful in iden- 
tifying marker formations which enable the 

25 borehole to be properly kicked off and curved so 
that it will enter the target formation as planned. In 
the case of horizontally completed wells, these 
measurements also can be interpreted to insure 
that the borehole proceeds substantially within the 

30 targeted portion of the formation even if relatively 
thin. The borehole parameters that are measured 
by the sensor sub of the present invention include 
hole inclination and tool face. A continuous monitor 
of these downhole near-bit measurements enables 

35 corrective measures to be quickly taken if the 
trajectory of the borehole varies from a plan. Mea- 
surements related to motor performance and other 
variables also can be monitored including RPM, 
downhole weight-on-bit, downhole torque, and vi- 

40 bration levels, each of which is highly useful for the 
reasons stated above. In accordance with an addi- 
tional aspect of a preferred embodiment of the 
present invention, the geological characteristic 
measurements can be azimuthally focused in se- 

45 looted radial directions, to obtain measurements 
that also are highly useful in controlling and cor- 
recting the direction of the borehole. 

BRIEF DESCRIPTION OF THE DRAWINGS 

50 

The present invention has other objects, fea- 
tures and advantages which will become more 
clearly apparent in connection with the following 
detailed description of a preferred embodiment, 
55 taken in conjunction with the appended drawings In 
which: 

Figure 1 is a schematic view that shows 
boreholes of the extended reach and horizontal 
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completion types, with a string of measuring- 

while-drilling tools including those of the present 

Invention suspended therein; 

Figure 2 is a schematic view of the combination 

of measuring systems used in the tool string 5 

shown in Figure 1; 

Figures 3A-3C are longitudinal cross-sectional 
views, with some parts In side elevation, of the 
sensor sub of the present invention being posi- 
tioned near the lower end of a drilling motor, 10 
these figures providing successive continu- 
ations; 

Rgure 4 is a partial outside view the sensor 
housing at the level of the gamma ray detector; 
Rgure 5 is a cross-sectional view on line 5-5 of 75 
Rgure 3B; ^ 
Rgure 6 is an enlarged, fragmentary cross-sec- 
tional view showing structure by which the re- 
sistivity of a formation is measured; 
Rgure 6A is a schematic illustration of how the 20 
formation resistivity is measured with the struc- 
ture shown in Rgure 6; 

Rgures 7A and 7B are longitudinal, quarter sec- 
tional views of another embodiment by which 
formation resistivity is measured in accordance 25 
with an embodiment of the present invention; 
Rgure 8 is an enlarged, fragmentary cross-sec- 
tional view of the transducer assembly for mea- 
suring motor shaft rpm; 

Rgure 9 is an enlarged, fragmentary cross-sec- 30 
tional view similar showing a transducer to mea- 
sure vibration levels, and an electrode used in 
making azimuthal measurements of resistivity; 
Rgures 10 and 11 are respective exploded iso- 
metric and top views of a sonic vibration trans- 35 
mitter; 

Rgure 12 illustrates schematically various elec- 
trical circuits associated with the transmitter 
shown in Rgures 10 and 11; 

Rgures 13A and 13B show respectively the 40 
forms of the electrical excitation of the transmit- 
ter and the sonic signals that arrive at the re- 
ceiver; 

Rgures 14A and 148 illustrate the encoding of 
the signals that operate the transmitter; 45 
Rgure 15 is a block diagram showing the cir- 
cuits used to decode the sonic signals at the 
receiver sub; 

Rgures 16A and 168 are longitudinal cross- 
sectional views of the receiver sub of the so 
present invention, some parts, being shown in 
side elevation; 

Rgure 17 is a cross-section on line 17-17 of 
Rgure 16A; ^ 

Rgure 18 is an enlarged, fragmentary cross- 55 
sectional view of the electromagnetic antenna 
coil ass mbly used on th receiver sub; 


Rgure 19 is a schematic illustration of elec- 
tromagnetic telemetry between the sensor sub 
and the receiver sub; and 

Figure 20 is an enlarged cross-section on line 
20-20 of Figure 168. 

DETAILED DESCRIPTION OF PREFERRED EM- 
BODIMENTS 

Referring initially to Figure 1 , a drill string gen- 
erally indicated as 9 including lengths of drill pipe 
11 and drill collars 12 is shown suspended in a well 
bore 10. A drill bit 13 at the lower end of the string 
is rotated by the output shaft of a motor assembly 
generally indicated as 14 that is powered by drill- 
ing mud circulated down through the bore of the 
string and back up to the surface via the annulus 
15. The motor assembly 14 includes a power sec- 
tion 1 4' (rotor/stator or turbine) and a bent housing 
assembly 16 that establishes a small bend angle 0 
at bend point 8 which causes the borehole 10 to 
curve in the plane of the bend angle and gradually 
estat)lish a new or different inclination when drilling 
in "sliding" mode, the motor assembly 14 also 
includes a sensor sub 22 of the present invention 
which preferably is located between the upper and 
lower bearing assemblies 23 and 24 which stabilize 
the rotation of the motor output shaft and the bit 
1 3. As noted above, if rotation of the drill string 9 is 
superimposed over the rotation of the motor drive 
shaft, the borehole 10 will be drilled straight ahead 
as the bend point 8 merely orbits about the axis of 
the borehole. The bent housing 16 can be a fixed 
angle device, or it can be a surface adjustable 
assembly as disclosed and claimed in commonly- 
assigned U.S. Patent Application S.N. 722,073, 
filed June 27, 1991. The bent housing assembly 16 
also can be a down hole adjustable assembly as 
disclosed and claimed in commonly-assigned U.S. 
Patent Application S.N. 649,107, filed February 1. 
1991. Both of these applications are incorporated 
herein by reference. Altemately. the housing as- 
sembly 16 can be a fixed bent housing, or a 
straight bent housing used in association with a 
bent sub (not shown) well known in the art located 
in the drill string atKDve the motor 1 4 to provide the 
bend angle. 

For general reference respecting the following 
specification. Figure 1 illustrates two general types 
of directional wellbores, the lower one being an 
"extended reach" type of borehole having an upper 
section A that is started out at the surface on the 
vertical and then curved in the section C to estab- 
lish a certain inclination. Then the borehole 10 is 
drilled straight ahead at that inclination along sec- 
tion D over a lengthy distance to a point where the 
borehole is curved downward in section C to the 
vertical. The vertical section H penetrates the target 
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formation Fu which for purposes of illustration is 
shown as a sandstone below a layer of shale Sa. In 
some cases the section H is drilled at some low 
angle to the vertical. The other borehole 10' shown 
in dash lines to the right in Figure 1 is a type that 
is drilled for a horizontal completion. Here the 
borehole is curved In the section E to where it 
extends horizontally, or nearly horizontal, along the 
length of section G through the formation F2 , which 
for purposes of illustration is shown as a layer of 
sandstone having shales Sa and Sb respectively 
above and below it. This type of completion allows 
much improved drainage of the formation F2 by 
reason of the significantly increased surface area of 
the borehole 10' that is formed in the formation. 
This type of borehole also can be used to intersect 
a large number of vertical fractures that contain 
hydrocarbons to provide increased production from 
a single borehole. 

In order to telemeter information to the surface 
substantially in real time so that the trajectory of 
the borehole 10 or 10' can be closely monitored, a 
measuring-while-drilling (MWD) tool 17 is connect- 
ed in the drill string 9 above the motor 14. This 
tool, as previously noted, includes various instru- 
mentalities Si, S2...SN which measure hole direc- 
tion parameters, certain characteristic properties of 
the earth formations that surround the borehole 10, 
and other variables. A receiver sub 18 of the 
present invention is connected as a separate tool to 
the lower end of the MWD tool 17, or made as an 
integral part thereof. The sub 18 and MWD tool 17 
preferably are separated from the drilling motor 
assembly 14 by a length of nonmagnetic drill collar 
19 to . avoid magnetic interference with azimuth 
measurements made by the tool 17. A stabilizer 21 
of suitable construction can be connected in the 
string 9 above the motor 14 to substantially center 
the tool string in the borehole at this point, and 
another stabilizer 5 (typically "undergauge") can be 
positioned near the drill bit 13. for example on the 
lower portion of the sensor sub 18. The drive shaft 
of the motor 14 extends down through the bent 
housing 16 and the sensor sub 22 to where it is 
attached to a spindle and a bit box that drive the 
bit 13. 

The MWD tool 17 operates to transmit informa- 
tion to the surface as shown schematically in Fig- 
ure 2. Drilling mud pumped down through the drill 
string 9 passes through a valve 25. that repeatedly 
interrupts the mud flow to produce a stream of 
pressure pulses that are detected by a transducer 
3 at -the surface. The signals are processed and 
displayed at 4. and recorded at 7. After passing 
through the valve 25 the mud flows through a 
turbine 26 which drives a generator 27 that pro- 
vides electrical power for the system. The opera- 
tion of- the valve 25 is modulated by a controller 28 


in response to electrical signals from a cartridge 29 
that receives measurement data from each off the 
various sensors Si , S2...S1S1 within the MWD tool 17. 
Thus, the pressure pulses detected at the surface 

5 during a certain time period are directly related to 
particular measurements made downhole. The fore- 
going mud pulse telemetry technology is generally 
known at least in its broader concepts, so as to 
need no further detailed elaboration. One type of 

70 telemetry system commonly referred to as a "mud 
siren" is described in U.S. Pat. Nos. 4.100,528. 
4,103,281 and 4,167,000, which are incorporated 
herein by reference. Of course, other types of mud 
pulse telemetry systems, such as those that pro- 

75 duce positive pulses, negative pulses, or combina- 
tions of positive and negative pulses, also may be 
used. The principle advantage of a mud pulse 
system is that information can be telemetered from 
downhole over a distance of many thousands of 

20 feet and reliably detected at the surface. 

Referring still to Rgure 2, the present invention 
in another aspect includes a combination with the 
MWD tool 17 of the sensor sub 22 and the receiver 
sub 18. The sensor sub 22 also includes instru- 

25 mentalities Si. S2...SN for measuring directional 
parameters and certain characteristic properties of 
the earth formations. In addition, measurements 
can be made that enable surface monitoring of 
drilling performance characteristics such as nnotor 

30 rpm and vibration. Such measurements are con- 
verted to representative electrical signals which op- 
erate a transmitter T associated with the sensor 
sub 22 that communicates with a receiver R asso- 
ciated with the uphole receiver sub 18. The mode 

35 of communication over this relatively short distance 
can be by way off sonic vibrations generated by a 
sonic transmitter that functions as transmitter T that 
travel through the walls of the metallic members 
located between the sensor sub 22 and the re- 

40 ceiver sub 18. Alternatively, the communication can 
be accomplished by modulated electric currents 
that propagate through the formation in response to 
operation of an electromagnetic coil that functions 
as transmitter T mounted oh the sensor sub 22. 

.45 and which are detected by another electromagnetic 
coil that functions as receiver R mounted on the 
receiver sub 18. In either event, the signals; are 
picked up by the receiver R at the receiver sub 1 8, 
decoded, and then relayed to the electronic car- 

50 tridge 29 of the MWD tool 17. The mud pulses 
produced by the MWD tool 17 then relay this 
information to the surface which represent the var- 
ious measurements made by both the sensor sub 
22 and the MWD tool 17. 

55 Turning now to Figures 3A-3C, apparatus com- 

ponents at the lower end of the motor assembly 1 4 
include a drive shaft section generally indicated as 
30 that is connected to the lower end of the output 
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drive shaft 30' of the motor 14 by a cardan-type 
constant velocity joint U. An upper bearing assem- 
bly generally indicated*as 23 having radial bearings 
23' and axial bearings 23" is located in the annular 
space between upper bearing housing 32 that is 
threaded to the lower end of the bent housing 16. 
and the drive shaft section 30. This space prefer- 
ably is filled with lubricating oil. Means such as 
floating piston 31 can be provided to transmit cir- 
culation pressures to the oil in the annular space, 
and to compensate for volume changes of the oil 
on account of increased pressures and tempera- 
tures downhole. The lower bearing assembly gen- 
erally indicated as 24 (Figure 3B) includes axial 
bearings 24' and radial bearings 24" and also 
works in a lubricating oil-filled chamber which can 
be communicated with the upper bearing chamber 
by an annular clearance space outside the drive 
shaft 3D. The lower end of the drive shaft section 
30 is suitably joined to an enlarged diameter spin- 
dle 39 (Figure 3C) whose lower end has a threaded 
bit box 36 to which the bit 13 is attached- A seal 
assembly 35 prevents drilling mud from entering 
the lower bearing assembly 24. The various bear- 
ing elements are shown only schematically since 
they form no part of the present invention. 

The sensor sub generally indicated as 22 in- 
cludes an outer tubular housing member 40 having 
a threaded pin connection 41 at its upper end 
which is threaded to the upper bearing housing 28, 
and a threaded box connection 42 at its lower end 
which is threaded to the lower bearing housing 45. 
A tubular mandrel 43 is mounted within the housing 
member 40 and has its upper end sealed with 
respect to the housing by O-ring seals 44 to pre- 
vent fluid leakage. A retainer 46 having a downward 
facing shoulder 47 that engages an inwardly di- 
rected flange on the housing 40 fixes the upper 
end of the mandrel 43 against longitudinal move- 
ment. The lower portion 57 of the mandrel 43 is 
received In an adaptisr 52 that is threaded to a jam 
nut 53 which has an external flange 54 that abuts a 
split ring 55 to lock the members together both 
rotationally and longitudinally. The split ring 55 
engages threads on the lower end of the housing 
member 40 as shown in Figure 3B, and seal rings 
56 and 58 prevent fluid leakage. The drive shaft 30 
extends through the bore 61 of the mandrel 43, 
and on downward to where its lower end is at- 
tached to the spindle 39. The throughbore 48 of 
the shaft 30 provides the flow path for drilling mud 
to the bit 13. The annular clearance between the 
outer walls of the drive shaft 30 and the inner walls 
of the mandrel 43 also can be filled with a lubricant 
such as oil to communicate the oil chambers for 
the bearing assemblies 23 and 24. 

The outer wall of the mandrel 43 is laterally 
spaced from the inner wall of the housing 40 to 


form a plurality of elongated annular cavities. A 
series of shell members 62, 63, 64, are located in 
the cavity and their opposite ends are secured to 
respective outwardly directed flanges 65. 66. 67 on 

5 the mandrel 43 to mount various items such as 
sensors, circuit boards, batteries and the like in the 
annular cavities 68, 69. 70. By virtue of the sealing 
at the upper and lower ends of the mandrel 43 with 
respect to the housing 40, all of these cavities 

70 contain air at essentially atmospheric pressure. The 
upper cavity 68 houses a sonic transmitter gen- 
erally Indicated as 72 that will be described later 
herein in detail, and most of the circuit boards. The 
cavity 69 houses three' accelerometers 74-76 (Rg. 

75 3B) which are mounted on orthogonal axes so as to 
measure three components of the earth's gravity 
field, as well as batteries 73. The lower cavity 70 
houses a scintillation crystal 78 that detects gam- 
ma rays which emanate naturally from the forma- 

20 tions adjacent the borehole 10, and an associated 
photomultiplier tube 80 that provides an output 
signal. Associated circuit boards also are located in 
the cavity 70. 

In a preferred embodiment, longitudinal recess 

25 82 Is provided on the outer surface of the housing 
member 40, as shown in Figures 4 and 5, and is 
located generally coextensive with the scintillation 
crystal 78, which provides a wall section 83 of 
reduced thickness. In this manner, there is reduced 

30 attenuation of the gamma rays coming in from the 
outer side of the crystal 78. However, for gamma 
rays coming from the back side, the attenuation is 
high due to absorption In the thick walls of the 
housing 40, the mandrel 43 and the drive shaft 30. 

35 Thus, the gamma ray measurements of the detec- 
tor 78 can be considered to be azimuthally focused 
in a direction that is generally radially outward of 
the longitudinal recess 82. 

To measure the electrical resistivity of the var- 

40 ious formations through which the bit 13 drills, the 
sensor sub 22 of the present invention is preferably 
provided with electromagnetic means indicated 
generally at 96 in Figure 3B. As shown In more 
detail in Figure 6, means 96 includes a pair of 

45 electromagnetic coil assemblies 250 and 251 that 
are mounted in an external annular recess 252 on 
the outside of the sensor sub housing 40. Each coil 
assembly includes a high magnetic permeability, 
thin metal ring 253 which provides a core that is 

50 encased In an annular body of insulation 254. A 
number of turns of insulated conductor wire is 
wound on each ring 253. and the two ends of each 
coil extend upward through a groove under a cover 
plate 100 as shown In. Figure 3B and are brought 

55 Into the internal cavity 70 of the sensor sub 22 via 
a high pressure feed-through connector 101. When 
alternating electrical current is sent through the 
turns of the upper coil ass mbly 250, a changing 
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magnetic field is created which generates alternat- 
ing current flow in the axial direction through the 
walls of the housing 40. Preferably, upper coil 
assembly 250 is driven by a sinewave generator 
under a processor at a frequency on the order of 
ICQ Hz to 1 MHz with the low kilohertz range being 
preferred such as 1.5 KHz. At least some of these 
currents eventually pass out of the housing 40 and 
then out into the formations via the drilling mud in 
the annulus 15. The current paths loop outward into 
the formation and then reenter the housing 40 
above the upper coil 250 where It flows axially 
therethrough. As the currents pass through the 
measurement coil 251, they generate alternating 
magnetic fields in the ring 253 which produce 
output voltages across the two leads of its wire 
turns. 

In an embodiment of the present invention that 
will be described later in further detail, transmitting 
coil assembly 250 is also employed as the trans- 
mitting coil of the local electromagnetic telemetry 
system either on a "time-sharing" basis with the 
resistivity measurement made, or simultaneously 
by being operated at different frequencies. 

Figure 6A further illustrates schematically the 
measurement of formation resistivity made by the 
sensor sub 22 of the present Invention. As noted 
above, when transmitter coil 250 is energized with 
an alternating current, currents I are induced to 
flow axially through the steel walls of the housing 
40. The currents exit the housing as shown by the 
arrows and loop outward through the formation F. 
Some of the currents return to the housing 40 of 
the measuring sub 22 above the transmitter coil 
250 and again flow axially in the housing, so that 
the currents flow in a circulating manner as shown, 
so long as the coil 250 Is being energized. The 
measurement coil 251 is energized by such cur- 
rents, and voltages are produced across the leads 
of its wire turns. The electrical resistivity of the 
formation F to such current flow is indicated sym- 
bolically as Rp. By comparing the currents that are 
induced in the housing 40 by operating the trans- 
mitter coil 250 to the returning currents that are 
sensed by the measurement coil 251 , a measure of 
the formation resistivity, typically in units of ohnfi- 
mVm (or simply ohm-meter) is obtained. In reality, 
the currents leave the housing 40 of the sensor sub 
22 at various surfaces including below the coll 251* 
as well as at the bit box 36 and the bit 13. and loop 
back through the formation F over increasingly 
longer loop paths. For purposes of analysis, the 
paths can be considered to be along laterally 
spaced, equipotential surfaces that do not cross 
one another. The resistivity that is encountered by 
currents which travel over the longer looping paths 
necessarily is at a greater depth of investigation 
Into the formation F. 


To ensure that some of the currents generated 
by the coil 250 are forced to flow axially through 
the walls of the housing 40 to where they exit at 
more remote points below the coil 251, and thus 

5 pass more deeply into the formation, sensor sub 22 
is preferably provided with an insulation and pro- 
tection sleeve system as shown in Rgure 6. In 
accordance with this feature of the present inven- 
tion, the coil assemblies 250 and 251 are protected 

70 by metal sleeves 255, 255' , 255", which are at- 
tached to the housing 40 by a number of fasteners 
such as cap screws as shown. A sleeve of insula- 
tion material 266 is positioned underneath the re- 
spective lower and upper portions of the sleeves 

75 255 and 255* , and thus is positioned between the 
coils 250 and 251 . The sleeve 266 has an outward 
directed flange 267 that insulates the opposed 
ends of the metal sleeves 255 and 255' from one 
another. Another insulator sleeve 258 is located 

20 between the lower end portion of the lower sleeve 
255" and the outer surface of the housing 40.- The 
insulator sleeves 266, 258 can each be made of a 
suitable insulating material such as fiberglass-filled 
epoxy. However, a portion of the currents gen- 

25 erated by operation of the upper coil 250 are 
permitted to pass out into the annulus 15 via the 
lower portion 260 of the sleeve 255' and the upper 
section 260' of the lower sleeve 255' as shown by 
dash-dot-dash lines and arrow heads. These cur- 

30 rents flow primarily through the mud in the annulus 
15 (if conductive) and then reenter the housing 40 
just above the coil 250. Some of these currents 
also may pass through a limited radial thickness of 
the adjacent formations. These currents are not 

35 used in determining formation resistivity, but in- 
stead function in the nature of a system employing 
a "guard" electrode which forces other currents 
which pass out of the housing 40 below the lower 
insulator sleeve 258, as shown, to loop more deep- 

40 ly out into the formation and thereby provide more 
meaningful resistivity measurements. It has been 
found that the coil assemblies 250 and 251. ar- 
ranged and insulated as shown, can be placed as 
close together as within about 5 inches from one 

45 another and provide resistivity measurements with 
sufficient insensitivity to fluids in the borehole. This 
embodiment of the present invention also has the 
advantages of improved reliability and simplicity 
because both of the coil assemblies are mounted 

50 in the same sub. rather than being spaced far apart 
on separate subs. 

When the drilling process uses an oil-based 
mud which is essentially non-conductive, the cur- 
rents leave the housing 40 by virtue of direct 

55 • contact between components of the drill string and 
the formation, typically at the near-bit stabilizer 5 
shown in Figure 1. and at the drill bit 13. Of course, 
if very little of these currents returns to the housing 
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40, then the surrounding formations are highly re- 
sistive: if much of these currents returns, then the 
surrounding formations have a low resistivity. 

Another embodiment for making resistivity 
measurements in accordance with the present in- 
vention is illustrated in Figures 7A and 7B. The two 
electromagnetic coil assemblies 250, 251, the pro- 
tective sleeves 255, 255* . 255". and the insulator 
rings 266 and 258 are essentially Identical to that 
previously described with respect to Figure 6, and 
thus are given the same reference numbers. The 
lower bearing housing 45 which has an internal 
annular recess 270 that receives an assembly of 
axial and radial thrust bearings 24', 24", is provided 
with an outwardly directed flange 271 that has 
external grooves which receive for one or more 
keys 272 (shown in dotted lines). The keys 272 fit 
into Internal grooves in an adapter collar 273 to 
lock the members against relative rotation. The 
upper end of the collar 273 is threaded to an upper 
sleeve 274, and its lower end is threaded to a 
stabilizer 275 which has a plurality of circumferen- 
tially spaced blades 276 that project radially out- 
ward from a tubular member 279. 

To force some of the electrical currents which 
pass axially through the wall of the housing 45 
below the lower coil 251 to remain in such wall 
until they are permitted to exit at the very - lower- 
most end portion of the housing 45. as well as out 
of the bit box 36 and the bit 13. a combination of 
insulator means is employed. In addition to the 
sleeves 266 and 258 as previously described, an- 
other sleeve of insulation 280 is positioned be- 
tween the inner walls of the upper sleeve rriember 
274 and the outer walls 281 of the housing 45, and 
a thin plate or ring 282 of insulation material is 
located at the lower end of the upper sleeve mem- 
ber 274. Another sleeve 283 of insulation is located 
between the inner walls of the threaded pin 284 
and the walls 285 that underlie it A ring of insula- 
tion 286 is located between the pin 284 and the 
lower end of the flange 271. and another sleeve 
287 of insulation is mounted between the inner 
walls 288 of the stabilizer 275 and the outer walls 
289 of the housing 45. Insulation sleeve 287 has a 
lower end portion 290 of reduced diameter at the 
lower end of the stabilizer 275. ; 

The flange 271 whose grooves carry the keys 
272 has its external wall surfaces coated with a 
layer of non-conductive material that substantially 
prevents the electrical currents from exiting at this 
juncture. The keys 272 also are coated with an 
insulative material. Thus, some of the currents that 
flow axially through the walls of the housing 45 
t>elow the lower coil 251 as a result of operation of 
the transmitter coil 250 can.^iass out into the well 
annulus and the formations only at the lowermost, 
relatively short section 291 of the housing 45 as 


shown in Figure 78, as well as out of the walls of 
the adjacent bit box 36 and the bit 13. In this 
manner, the elements 291, 36 and 13 jointly be- 
come the measuring electrode for the system. Oth- 
5 er of the currents which flow axially through the 
housing 40 are permitted to exit through the over- 
lapping portions of the metal sleeves 255' and 
255" . These currents loop upward and return to 
the housing 40 primarily through the drilling mud In 
70 the annulus 15. and thereby provide a "guard" 
electrode arrangement as previously described. 
The flow of these currents as shown in dash-dot- 
dash lines in Rg. 7A insures that the returning 
currents which are detected by the antenna coil 
75 251 are those currents which are emitted at the 
housing portion 291, bit box 36 and the bit 13. 
Since these currents have passed through the for- 
mation at much greater radial depths of investiga- 
tion, a meaningful measure of true formation re- 
20 sistivity can be obtained. 

In another embodiment of the present inven- 
tion, another resistivity measurement is made that 
is azimuthally and radially focused. Referring to 
Figure 9, a radial bore 220 is formed through 
25 sensor sub outer housing 40 on the side diamet- 
rically opposite the scintillation detector 78 
(although it could be at another angular location). 
. The bore 220 receives a plug-type electrode as- 
sembly generally indicated as 221 that includes a 
30 metal body 222 carrying seal rings 223 which 
prevent fluid leakage. An elastomer insulator boot 
224 is bonded to the body 222, and has an exter- 
nal recess that receives an electrode 225. The 
body 222 abuts a shoulder 228 at the rear of the 
35 borp 220, and a snap ring 229 can be used to hold 
the assembly in place. A lead wire 226 which is 
connected to the back of the electrode 225 is 
extended via a high pressure seal 227 into the 
annular cavity 70 to where it is connected to appro- 
40 priate circuits. Electric currents flowing through the 
formation adjacent the electrode assembly 221 by 
virtue of the operation of coil 250 enter the elec- 
trode 225 and the wire 226. which are then pro- 
cessed by suitable circuits to measure resistivity. 
45 Thus, the electrode assembly 221 provides an 
azimuthal measurement of resistivity generally radi- 
ally outward thereof, rather than an annular mea- 
surement, which is highly useful in connection with 
the drilling of a horizontal-type completion wellbore 
50 as discussed earlier herein. This is because the 
sensor sub 22 can be slowly rotated in the 
* borehole by the drill string 9 to various angular 
positions with the electromagnetic current transmit- 
ter 250 in operation, and briefly halted at each 
55 ' position so that the electrode assembly 221 can 
detect if there is a higher or lower resistivity read- 
ing in any particular iazimuthal direction. During 
such pauses in rotation the output signals from th 
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scintillation detector 78 also can be nrionitored to 
observe whether higher or lower counts of gamma 
rays are coming from a certain radial orientation, so 
that measurements of resistivity and gamma rays 
can be considered together for diagnostic pur- 
poses. Further details of the resistivity measure- 
ment made with electrode assembly 221 are de- 
scribed in commonly-assigned U.S. Patent Applica- 
tion Serial No. 07/786,137 filed 31 October 1991, 
which again is incorporated herein by reference. 

To measure a motor performance characteristic 
such as the rpm of the drive shaft 30 of the motor 
14, a magnetic assembly indicated generally at 85 
in Figure 3B is fixed to the exterior of the drive 
shaft 30 and cooperates with detectors that are 
mounted on the adapter sub 52. As shown in 
enlarged detail in Figure 8, the assembly 85 in- 
cludes a pair of oppositely disposed magnets 86 
mounted in windows 89 in the tipper portion of an 
inner sleeve 90. The sleeve 90 is mounted within 
an outer sleeve 87 that is threaded to a nut 88. The 
sleeve 90 has an inclined lower end surface 91 that 
engages a companion inclined end surface 92 on a 
split friction ring 93. A lower outer surface of the 
ring 93 also is inclined and engages a companion 
inclined surface on the nut 88. The assembly 85 
can be readily slipped onto the shaft 30 and given 
a proper longitudinal position, after which the nut 
88 is tightened to cause the friction ring 93 to grip 
the external walls of the shaft and thereby hold the 
assembly 85 in place. The detectors 94 preferably 
are a pair of "Hall effect" devices which are moun- 
ted in the adapter 52 at an angular spacing of 90*. 
The detectors 94 cooperate with the rotating mag- 
nets 86 to provide an output that is representative 
of the RPM of the drive shaft 30. 

Downhole measurement of the revolution rate 
of the motor shaft provides several advantages. For 
example, when the bit 13 is off-bottom, the rpm 
that results from a given flow rate of mud down the 
drill string 9 can be used to determine the wear of 
the power section 14* (rotor/stator) of motor 14 by 
comparing it to the rpm that should result from that 
flow rate through a new motor. If wear is significant, 
the tool string can be pulled to replace the motor. 
This procedure also avoids confusion that can re- 
sult where it is uncertain whether the drilling is in 
hard rock, or is with a worn stator. Moreover, a 
monitor of downhole rpm while drilling can be used 
to optimize the weight-on-bit. Where the WOB is 
too high, too much torque is required which slows 
down the rpm of the motor and results in a high 
rate of wear of its stator. For optimizing the drilling 
process in the sliding mode of a directionaliy 
drilled well, making a downhole measurement of 
rpm of the motor shaft is important because the 
transfer of surface WOB and torque to the down- 
hole tool string is not necessarily predictable, due 


to friction of the tool and pipe string with the 
borehole walls. In this case the drilling can be 
performed while monitoring the surface pump pres- 
sure, which is an indirect measure of the motor 

5 torque. Also, in a particularly preferred embodiment 
of the present invention, the battery power supply 
in the sub 22 can be switched off during periods 
where no rpm is detected by the rpm sensor 85. or 
within a few seconds after any observance of any 

70 rpm is detected. This feature conserves the energy 
of the batteries and extends their downhole life. 
Although this circuit is not shown in detail in the 
drawings, it includes a transistor gate which does 
not conduct unless an output signal from the rpm 

75 sensor 85 is applied to it. 

In addition to the measurement of motor shaft 
rpm, a vibration sensor 102 is mounted at the lower 
end of the internal cavity 70 of the sensor sub 22 
as shown in Figure 9. This transducer includes a 

20 piezoelectric crystal which senses vibration fre- 
quency and amplitude along its radial sensitive 
axis, so that this measurement also can be 
telemetered continuously to the surface. Downhole 
measurement of vibration is important because this 

25 data in combination with other variables such as bit 
torque in relation to surface pump pressures, motor 
shaft rpm, superimposed drill string rpm, and the 
rate of penetration of the bit. cumulatively can 
provide an answer to why there has been a change 

30 in the rate of penetration. When drilling in hard rock 
with a good bit, one can reasonably expect there to 
be high torque, lower shaft rpm, high vibration and 
a low rate of penetration, whereas in soft rock with 
a good bit there should be low torque, high shaft 

35 rpm, low vibration, and a high rate of penetration. 
When drilling a soft rock with a worn bit, there will 
be low torque, high rpm, low vibration and low rate 
of penetration. On the other hand when drilling a 
hard rock with a worn bit, there will be medium 

40 torque, medium rpm. low vibration and low rate of 
penetration. Thus where the rate of penetration 
changes, the foregoing variables including the 
downhole measurement of vibrations can be ana- 
lyzed to determine the probable reason for such 

45 change, and whether corrective action is needed. In 
addition, it also is possible to detect from the 
downhole vibration measurement when the bit has 
experienced one or more broken teeth on its cones 
since the measurement is likely to show a cyclical 

so pertebation in the measurement. 

Vibration levels also may be logged as the 
borehole is deepened to provide indications of rock 
density, hardness, or strength. Such measurements 
also -provide an important diagnostic respecting 

55 Other measurements, since if the level of vibration 
is too high, the inclination measurements made by 
the accelerometers 74-76 could be of poor quality, 
so that drilling procedures can be altered to obtain 
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more reliable data. For example, the directional 
survey made by the accelerometers 74-76 can be 
made with mud circulation temporarily stopped so 
that the background is quiet. 

With reference to Figures 10 and 11, an em- 
bodiment of a sonic transmitter 72 mentioned ear- 
lier herein by which the various measurements 
discussed above are transmitted uphole to a re- 
ceiving transducer R in the receiver sub 18 (Figure 
2), and thus to the MWD tool 17, is shown. In 
Figures 10 and 11, sonic transmitter 72 includes a 
generally rectangular block or body 105 that de- 
fines a longitudinal recess 106 in which is mounted 
a number of ceramic crystals 1 07 that are stacked 
side-by-side. The outer end of the recess 106 
receives the boss 108 on the rear of a coupling 
block 110 which has side wall surfaces 111, an end 
surface 112 a top surface 113. Guide flanges 114 
extend outward on the sides 111 of the block 110 
and are longitudinally aligned with front and rear 
guide lugs 115 on the body 105. As shown more 
clearly in Figure 11. threaded holes 116 are formed 
in the block 110 on opposite sides of the boss 108, 
and these holes receive the end portions 117 of a 
pair of threaded rods 118 which extend through 
holes in the body 105 that pass to the rear thereof 
so that nuts 120 can be employed to tighten the 
coupling block 110 against the stack of crystals 
107. Another threaded bore 121 is formed in the 
center of the rear portion of the body 105 and 
receives a stud 122 having a plurality of relatively 
stiff springs, for example bellville washers 123. 
mounted thereon. The transmitter 72 preferably is 
mounted at the upper end of the internal cavity 68 
in the sensor sub 22 (shown schematically in Fig- 
ure 3A) in a manner such that the front surface 112 
of the coupling block 110 fits against an Internal 
annular wall surface 111 of the housing 40. The 
head 130 of the stud 122 fits Into a downwardly 
extending recess 130* with longitudinal clearance 
such that the spring washers 1 23 react between a 
wall surface that surrounds such recess and a 
washer 124 that is against the rear wall 125 of the 
body 105. The springs 123 hold the coupling block 
110 tightly against the wall surface 111 to provide 
optimum sonic coupling, while allowing small di- 
mensional changes that may occur due to high 
downhole temperatures. A cover plate 128 can be 
provided which is attached by screws 129 to the 
body 105. 

The ceramic crystals 107 are polarized and 
positioned so that sides of the same polarity are 
adjacent each other. The crystals 107 are sepa- 
rated by conductive sheets 107' so that voltages 
can be applied to each crystal. Alternating ones of 
the sheets 107' are connected to the negative or 
ground lead 126' , and the balance of the sheets 
are connected to the positive lead 126. Voltages 


applied across the leads 126. 126' cause minute 
strains in each crystal 107 that cumulatively effect 
longitudinal displacements of the front end of the 
stack. Such displacements cause sonic vibrations 

5 to be applied via the coupling block 110 to the 
housing surface 111 which travel upward through 
the various metal members that are connected 
thereabove at the speed of sound in such metals. 
As shown in Figure 13A, the voltages that are 

10 applied across the wires 126 and 126' preferably 
produce an excitation 132 having four cycles, 
which is a number that has been found to be 
optimum in the sense that maximum sonic energy 
is produced for a certain amount of electrical en- 

75 ergy. This package of oscillations, called herein a 
"burst", generates corresponding bursts of com- 
pression waves 133 and shear waves 134 In the 
walls of the housing 40 as shown in Figure 13B. 
After a short time delay due to travel time up the 

20 steel pipe or collar members, the sonic vibrations 
arrive at the uphole receiver sub 18 that includes 
receiving transducer R (Figure 2). The transmitted 
signals can be encoded in various ways, for exam- 
ple digitally in terms of the repetition rate of the 

25 bursts, with a "1" bit corresponding to one repeti- 
tion rate and a "0" bit corresponding to another 
repetition rate* As an example, with a bit rate of 10 
per second, 6.2 milliseconds can be the repetition 
rate for a bit 1 as shown in Figure 14A, and 12.4 

30 milliseconds the rate for a bit 0 as shown in Rgure 
14B. As shown in Figure 12, the voltage signals 
that operate the transmitter 72 are generated by a 
suitable microprocessor 178 and sent to a timing 
circuit t77 which determines the repetition rate of 

35 the bursts. The output! of the timing circuit 177 is 
applied across the lead wires 126, 126* of the 
transmitter 72. 

The receiver sub 18 contains a receiving trans- 
ducer R (Figure 2) which detects the vibrations 

40 generated by the transmitter 72 and generates an 
electrical signal in response thereto. The receiving 
transducer R is shown as being mounted in the 
lower portion of the receiver sub 18, although it 
could be mounted at another location therein. The 

45 receiving transducer R can be essentially the same 
as the transmitter transducer 72 described above 
and therefore need qoX be described in detail. The 
sonic vibrations in the housing wails of the receiver 
sub are coupled through the nose block of the 

50 receiver and strain the crystals which produce elec- 
trical output signals that are representative thereof. 

The structural arrangement of the receiver sub 
18 in which the transducer assembly R is mounted 
is shown In detail Figures 16A and 16B. A tubular 

55 housing 150 has a threaded box 151 at its upper 
nd which can be attached to the lower end of the 
MWD tool 17, and a threaded pin 152 at is lower 
end which can b attached to the non-magnetic 
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spacer collar 19. Alternatively, the receiver sub 18 
could be made an integral part of the MWD tool 17, 
but for convenience the system is disclosed herein 
as being separately housed. A tube 1 53 is mounted 
within the bore 154 of the housing 150 between 
upper and lower interna! connector subs 155. 166. 
The lower sub 156 has a reduced diameter portion 
1 57 that provides a shoulder 1 58 which engages an 
opposed shoulder on the housing 150 to fix Its 
longitudinal position in the downward direction. The 
lower section 159 of the tube 153 is received in a 
counterbore 160 in the upper portion of the sub 
156, and seal rings 161 prevent fluid leakage. Lat- 
erally offset passages 162, (like the passages 
shown at 181 in Figure 17) divide the fluid flow 
coming down through the bore 163 of the tube 153 
so that the flow goes around the central portion of 
the sub, after which the channels merge into a 
single flow path within the bore 164 of the housing 
150 therebelow. The outer surfaces of the lower 
portion of the connector sub 156 preferably are 
tapered downward and inward to provide in a 
frusto-conical shape. An electric connector assem- 
bly in the lower end of the sub 156 includes a 
coaxial-type female socket 165 that is arranged to 
accept a coaxial male plug on the upper end of a 
tubular extender 166 which mounts another female 
electrical connector 167* within the bore of the 
threaded pin joint 152. In this manner the connec- 
tor 167' can be automatically made up with a male 
plug on another assembly as a threaded box Is 
made up on the pin 152. In the embodiment shown 
in the drawings, the connector 167' is shown in the 
event it should be used in connection with another 
tool string component therebelow that requires an 
electrical hook-up; however if no such tool is being 
used, the assembly 167* is usually removed. 

Additional seal rings 168 prevent fluid leakage 
between the connector sub 155 and the housing 
150. The outer wall 170 of the tube 153 is laterally 
spaced with respect to the inner wall 154 of the 
housing 150 to provide an annular cavity 171 In 
which the receiving transducer 142 and its asso- 
ciated electrical circuits are mounted. 

The upper section 175 of the tube 153 is 
counterbored at 176 to receive a sleeve 177 which 
directs the flow coming down through the upper 
connector sub 155 into the bore 163 of the tube 
153. The lower end portion 178 of the sub 155 is 
received in another counterbore 179 in the tube 
153, and is sealed with respect thereto by seal 
rings 180. Another pair of laterally offset flow pas- 
sages 181 (Figure 17) are formed in the upper 
portion 182 of the sub 155 to divert mud flow from 
the upper bore 183 of the housing 150 around an 
electrical connector assembly 184 in the upper end 
of the sub 155 and then into the lower bore 156 of 
the sub. The outer surface 1 85 of the upper portion 


182 tapers downward and outward to smooth the 
mud flow as it enters the laterally spaced flow 
passages 181. The assembly of connector subs 
155, 156 and the tube 153 is held in position within 
5 the housing 150 by a tubular nut 187 that is thread- 
ed to the housing 150 at 188. Sea! rings 189 and 
189' make the parts fluid-tight. Diametrically op- 
posed J-slot recesses or the like are provided 
inside the upper end of the nut 187 to enable a 

10 suitable tool to be used to install or remove the nut 
187. The connector assembly 184 is made up with 
a companion male connector 200 on the lower end 
of a tubular extender 201 which has another female 
socket 202 on its upper end. Hereagain, the ex- 

75 tender 201 positions the socket 202 within the bore 
of the threaded box joint 1 51 so that the socket can 
be mated with a companion plug on the MWD tool 
17 when the joint is made up, or with any other tool 
immediately above the sensor sub 18. The connec- 

20 tor can be a coaxial-type with a single center pin. 

A pair of electrical conductors extend from the 
pin of the socket 184 down through an inclined 
passage 203 in the connector sub 155 and on 
down through an external longitudinal groove 204 

25 on the outside of the upper portion 175 of the tube 
163. The wires then enter the elongated annular 
cavity 171 where the receiver 142 and the various 
electrical circuit boards are mounted. The sockets 
202, 184 and 167 all are water-proof devices hav- 

30 ing seal rings that prevent any fluid leakage there- 
past. Diametrically opposed bores 205, 206 are 
formed through the walls of the housing 150 adja- 
cent the connector sub 155. As shown in cross- 
sectional Fig. 17, the bore 205 receives a blind 

35 plug 207 that can be removed at the surface to 
allow a readout connector (not shown) to be in- 
serted by which data stored in any memory units in 
the tool can be recovered, or to test intemal func- 
tions of the tool. The other bore 206 receives a 

40 high pressure feed-through connector assembly 
208 which provides electrical communication be- 
tween wires In the cavity 171 and the conductor 
wires which extend down through an external 
groove 209 in the body 150. A cover plate 209' is 

45 used as a protection for the wires and the connec- 
tor assembly. A third bore formed at 90* to the 
other two bores 205 and 206 receives a pin held 
by a snap ring and which extends into a longitudi- 
nal groove in the member 155 to provide rotational 

50 alignment. A sleeve 215 is mounted by threads 216 
on a central portion of the housing 150. The sleeve 
215 protects the threads 216, and can be removed 
to enable a stabilizer assembly (not shown) to be 
threaded onto the housing 150 where the use of a 

55 stabilizer at this location is considered to be desir- 
able. 

In another preferred embodiment of the re-- 
ceiver sub 18 of the present invention, a convential 
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accelerometer is employed as the sonic receiving 
transducer 142. Referring now to Figure 20 in con- 
junction with Figure 16B, there is shown a carrier 
block 300 having a threaded hole 301 in its center 
and that contains an accelerometer 302, which has 
its sensitive axis perpendicular to the radial direc- 
tion. An exemplary accelerometer Is an Endevco 
Model 2221 F. Carrier block 300 is secured to the 
inner wall 154 of housing 150 by fasteners 303, 
Housing 150 is provided with a bore 306 through 
which threaded stud 307 passes. The threaded end 
of stud 307 is threadedly engaged to threaded hole 
301 of carrier block 300, and Is provided with seals 
308 and 309. Tightening stud 307 pulls carrier 
block 300 firmly against inner wall 154 of housing 
150, thereby providing a good sonic connection 
between the two. 

The output signal from sonic receiving trans- 
ducer 142 in receiver sub 18 is operatively asso- 
ciated with the signal decoding system shown 
schematically in Figure 15. The electrical output 
signals fronn receiving transducer 142 are fed to a 
high pass filter 190 that blocks low frequency noise 
signals that are typically generated during the drill- 
ing process. When the "transmitter 72" type of 
receiver is used, filter 190 Is preferably passive 
and the output signal is diode clamped to avoid 
very large and potentially damaging voltages that 
can be generated by the piezoelectric crystal stack 
when subjected to the high shocks encountered 
while drilling. Otherwise, when an accelerometer is 
used for receiving transducer 142, a pre-amplifier 
is used ahead of high pass filter 190, which can be 
an active filter, since the signal generated by such 
an accelerometer is typically small. In either case, 
the resultant signal is then amplified at amplifier 
192, rectified by rectifier 191. and integrated by 
integrator 193. From there, the signal is fed to a 
comparator 194 being supplied with a constant 
reference voltage for comparison, which produces 
a signal when the signal from integrator 193 is 
above a predetermined threshold. The signals from 
comparator 194 are received by shift register 195 
at one of two rates - either 6.25 msec between 
bursts representing a logic bit "1", or 12.5 msec 
between bursts representing a logic bit "0". The 
shift register looks for a pattern in 12.5 msec 
windows and makes an inquiry at times 0 msec. 
5.25 msec, 6.25 msec, and 11.5 msec. This results 
in 1010 being shifted into shift register 82 for a 
logic "1" and 1000 for a logic "0". For redundancy, 
this pattern is preferably repeated four times result- 
ing in a 100 msec/bit data rate, or 10 bits/sec. 
These bit patterns are shifted to the pattern rec- 
ognition 196 where a 5 volt signal for 1010 ("1") or 
a 0 volt signal for 1000 ("0") is generated and 
transferred to interface 197. All other p>atterns (e.g. 
1111, 1011, and 1101) are considered generated 


by noise and therefore ignored, and the level re- 
mains that which was previously set until a valid 
pattern is recognized. The signal from interface 197 
is thus the decoded signal from sensor sub 22 that 

5 is fed to the microprocessor associated with the 
MWD tool 17. 

In another preferred embodiment of the present 
invention, an electromagnetic form of telemetry is 
used to communicate between the sensor sub 22 

10 and the receiver sub 18. Referring again to Figure 
ISA, the wires that extend down the groove 209 
provide the two leads of an electromagnetic an- 
tenna coil indicated generally at 210. The antenna 
coil 210. which is shown in enlarged detail in 

75 Figure 18, has essentially the same construction as 
the coil assemblies 250 and 251 on the sensor sub 
22 as previously described. Briefly, the coil assem- 
bly 210 Includes a relatively thin, large diameter 
metal ring 211 having high magnetic permeability 

20 which is encased in an insulative elastomer body 
212. A number of turns of insulated conductor 
wires are wound around the ring 211, as in pre- 
vious embodiments. The ring 211 is mounted in an 
external annular recess 214 on the housing 150. 

25 and is protected by a sleeve 213 that is secured to 
the housing 150 by cap screws or the like. The two 
ends or leads of the wire turns are brought up 
through the groove 209 in the outer surface of the 
housing 150 under the cover plate 209' (Fig. 16A) 

30 and into the inside of the housing via the high 
pressure feed-through connector 206. Electric cur- 
rents flowing axially through the housing 150 inside 
the coil 211 as a result of the modulated operation, 
of the transmitting coil antenna 250 on the sensor 

35 sub 22 when in communicating mode will generate 
magnetic fields in the ring 211 which cause vol- 
tages to appear across the leads of its wire turns. 
These voltages are fed to electrical circuits in the 
internal cavity 171 where they are amplified, de- 

40 modulated, processed and fed to a microprocessor 
in the MWD tool 17. The general function of the 
antenna coil 210 will be discussed below. 

Rgure 19 further illustrates schematically the 
electromagnetic telemetry link between the sensor 

45 sub 22 and the receiver sub 18. Using the princi- 
ples discussed above respecting measurement of 
formative resistivity, the transmitter coil 250 on the 
lower end of the housing 40 of the sensor sub 22. 
when switched to its communicating mode, op- 

50 erates to cause electric currents to flow out into the 
formation via the annulus 15 where they loop out- 
ward and upward through the formation as shown 
generally by the arrows. As before, axial current 
flow in the housing 40 is generated by the alternat- 

55 ing current being applied to transmitter coil 250, 
and these currents loop outward through the forma- 
tions and return to the housing 150 of the receiver 
sub 18 where they flow through the coil assembly 
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210 shown in Rgures 16A and 18 and generate a 
voltage. 

The currents transmitted by the sensor sub coil 
250 when switched to its communicating mode 
thus can be encoded or modulated in any suitable 6 
manner, for example, by means of phase shift 
keying, to provide telemetry signals having discrete 
portions which represent the various measurements 
made by the transducers in or on the sensor sub 
22. The voltages which appear across the leads of io 
the coil turns on the receiver coil assembly 210 will 
be related to such signals, and thus can be de> 
coded, processed, and transmitted to the receive- 
line of the microprocessor in the MWD tool 17. The 
currents also can be used to make an additional is 
measurement of the resistivity of the formations by 
comparing the amplitude of the currents generated 
by the transmitter coil 250 to the amplitude of 
currents flowing through the receiver coil 210. The 
foregoing system of electromagnetic telemetry is 20 
disclosed in further detail in commonly-assigned 
U.S. Patent Application S.N. 07/786,137. noted 
above, which is again hereby incorporated herein 
by reference. 

25 

OPERATION 

In use of the near-bit sensor sub 22 of the 
present invention, various combinations of tool 
string components such as those shown in Figure 1 30 
are assembled end-to-end and lowered into the 
borehole on the drill string 9. Assuming that the ■ 
bottom of the hole Is at the lower end of section A, 
a bent housing 16 will typically be included in the 
motor assembly 14 which will cause the bit 13 to 35 
drill a curved path along the sections C or E, 
depending upon whether an extended reach or a 
horizontal completion type of well Is being drilled. 
The degree of bend provided by the bent housing 
16 will primarily determine the radius of curvature. 40 
When the mud pumps at the surface are started to 
initiate circulation, the power section 14' of the mud 
motor assembly 14 rotates the drive shaft section 
29 that extends down through the bent housing 16 
and the sensor sub 22 to cause rotation of the 45 
spindle 39, the bit box 36. and the bit 1 3. So long 
as the drill string 9 is not rotated, the trajectory of 
the bit 13 will t>e along a curved path similar to that 
shown. The various measurements discussed 
above can be made continuously as the hole is so 
deepened, namely inclination measurements, motor 
performance, (RPM and vibration levels) and for- 
mation characteristics (resistivity and gamma ray). 
Any time that the inclination measurements are not 
as expected, corrective measures can be taken 55 
immediately. 

When the bit 13 reaches the end of the curved 
section C in Rgure 1, either the tool string can be 


removed from the borehole 10 to take the bent 
housing 16 out of the string, or the housing can be 
adjusted at surface or downhole to liminate the 
bend angle, or the bent housing can be left in 
place and rotation of the drill string 9 superim- 
posed over the rotation of the output shaft of the 
motor 14. Since under these later circumstances 
the bend point 8 will merely orbit around the axis 
of the hole, the bit 13 will drill straight ahead along 
the section D. The same procedures can be used 
in the case of the horizontal well 10' . When the bit 
13 reaches the lower end of section E, the bent 
housing 16 can be removed or adjusted, or rotation 
can be superimposed to cause the bit to drill In a 
substantially horizontal direction, as shown, along 
section G into the formation F. 

In the case of the extended reach well bore 10, 
when the hole has been lengthened to a point 
where it is to be curved downward along section C 
toward the target formation Fi , the drill string is 
tripped out to replace the bent housing 16 if it was 
previously removed for the drilling of section D, or 
a downhole adjustable housing can be operated to 
establish an appropriate bend angle, or the super- 
imposed rotation is stopped and the tool string 
rotationally oriented such that the tool face angle is 
the opposite to that used for drilling the upper 
section C. When the borehole has been curved 
downward along the section C to the vertical (or to 
some angle off vertical, if desired), superimposed 
rotation again can be used to cause the bit 13 to 
drill straight down along section H into the target 
formation Fi. All the measurements discussed 
herein can be made continuously while the drill 
string is rotated except for inclination measure- 
ments. Such rotation should be halted momentarily 
to enable the acceleromelers 74-76 to operate 
properly. 

The present invention has particular application 
to the horizontally completed type of well shown in 
the middle part of Figure 1 . It generally is desirable 
to drill the section G of the borehole 10' substan- 
tially down the center of the formation F2, that is. 
substantially equidistant from the over and under- 
lying shales Sa and Sb- This is because the lower 
portion of the formation F2 may contain a relative 
abundance of water, and should be avoided. The 
upper portion of the formation may have a high 
natural gas content which also should be avoided 
where there is a commercial quantity of oil In the 
cenfral portion. It is possible that after the bit 13 
enters the formation F2, the borehole could 
progress toward tiie top or toward the bottom 
ther of, and In an extreme case could actually 
project through one of tiie shale bed boundaries, 
particulariy where an early warning of improper 
inclination is not given at the surface. In accor- 
dance with one aspect of the present Invention, 
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where the gamma ray measurements made by the 
sensor 78 show an increasing trend as the hole is 
lengthened, while at the same time the resistivity 
readings from the coil 251 also begin to change, it 
can be inferred that the borehole 10' is headed 
relatively upward toward the upper shale formation 
Sa- This could occur because the trajectory of the 
borehole 10' is not correct, or because the forma- 
tion is dipping downward. In either event corrective 
measures can be taken to ensure a proper trajec- 
tory by providing a bend angle in the housing 16, 
or perhaps adjusting the weight-on-bit and/or the 
rpm of the motor 14, or orienting the tool face and 
bend angle in the proper direction and proceeding 
in sliding mode. If the gamma ray readings show 
an increasing trend while the resistivity values 
show a decreasing trend, then it can be inferred 
that the borehole 1 0' is headed relatively downward 
toward the lower shale formation Sb- Hereagain. 
corrective measures can be taken to cause the 
borehole 10* to be drilled back into the central part 
of the formation F2 where the two measurements 
should remain substantially , constant as the 
borehole is lengthened. 

For these same purposes, the gamma ray de- 
tector 78 is focused by reason of the reduced 
thickness of the wall 83 of the housing 40 adjacent 
thereto, and the attenuation due to a large cumula- 
tive thickness of metal on its opposite side, so that 
its measurements are primarily azimuthal. Thus the 
tool string and the sensor sub 22 can be rotated 
between successive angular positions as the sec- 
tion G is being drilled while the measurements are 
observed to detect the general orientation 'in .which ; 
there is an increased natural emissiori of gamma 
rays from the formations. When a resistivity elec- • 
trode in the form of the assembly 221 shown in 
Rgure 9 is used, its measurements also are radi- 
ally focused in the sense that it is affected primar- 
ily by electric currents coming through the forma- : 
tion from a direction that is radially outward of it. 
Thus the resistivity measurement that is made us- 
ing the assembly 221 also is azimuthal compared 
to measurements made by an annular electromag- 
netic antenna, so that readings made at various 
angular orientations of the sensor sub 22 can be 
used to observe whether there is ^increased or 
reduced resistivity in a certain generally radial out- • 
ward direction. 

The present invention also might be used to * 
detect an over-pressured formation. In addition to 
the uses previously mentioned, the level of vibra- 
tions detected by the sensor 102 can be related to 
rock density which should have a normal trend that 
increases with depth. Where the measured values 
have a different trend than would otherwise would 
be expected, it can be inferred that the bit 13 is 
approaching a high pressure formation which can 


cause a blow-out if the mud weight is not adjusted. 

As explained previously, the rpm sensor 85 is 
used to detect downhole if the mud circulation rate 
being used is producing an expected rate of rota- 
5 tion of the drive shaft 30, or not, which may in- 
dicate a worn motor stator. To some extent the 
circulation rate can be adjusted upward or down to 
achieve the proper rpm. A comparison with surface 
pump pressures also can indicate the degree of 

70 wear of the stator of the motor 14. The output of 
the rpm sensor also can be used to switch the 
battery power supply in the sensor sub 22 off to 
conserve energy during periods when the motor 14 
is not operating, or within a discrete number of 

IS seconds after operation of the motor is stopped for 
any reason. If the rpm measurement oscillates, it is 
probable that the lower end of the drill string is 
rotationally oscillating back and forth, which can be 
eliminated, if undesirable, by adjusting the weight- 

20 on-bit. for example. 

By way of a summary of the telemetering sys- 
tem disclosed herein, signals from the various 
measurement devices and systems in the sensor 
sub 22 are input to the microprocessor 178 and the 

25 timing circuit 177, and a telemetry frame of elec- 
trical excitations or bursts 132 are applied across 
the leads 126, 126' of the sonic transmitter 72. The 
frame includes a plurality of discrete time intervals 
so that a certain one of the intervals represents a 

30 particular measurement, plus a starting or timing 
.frame of bursts. The ceramic crystals 107 undergo 
displacements which drive the coupling block 110 
so that it imparts corresponding sonic vibrations to 
the -walls of the sensor sub housing 40. The vibra- 

35 tions, which may be viewed a sectional deforma- 
tions of the collar, travel upward through the metal 
components of the drill string above the sensor sub 
22 until they arrive at the receiver sub 18. There, 
the sonic signals are detected by a sonic receiver 

40 142 essentially the same as sonic transmitter 72, or 
by a conventional accelerometer 302. These pulses 
are filtered and decoded by the circuits shown in 
Figure 15, with the resulting signals being input to 
the microprocessor receive-line in the MWD tool 

45 17. The internal control functions of the tool 17 
cause the valve 25 to be modulated in a manner 
such that pressure pulses created in the mud cir- 
culation stream are, in part, representative of each 
of the sensor sub measurements. The pressure 

50 pulses are detected at the surface by the trans- 
ducer 3 and are decoded and processed so that 
the values of the downhole measurements are 
available for analysis substantially in real time. Of 
course, certain other segments of the pressure 

55 pulse train represent the measurements made by 
the MWD tool 17 itself, or by other LWD tools 
associated therewith, some of which can be com- 
pared to the above measurements to provide other 
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valuable information. 

It now will be recognized that new and im- 
proved methods and apparatus have been dis- 
closed which meet all the objectives and have all 
the features and advantages of the present inven- 5 
tion. Since certain changes or modifications may 
be made in the disclosed embodiments without 
departing from the inventive concepts involved, it Is 
the aim of the appended claims to cover all such 
changes and modifications falling within the true 10 
spirit and scope of the present invention. 

Claims 

1. Apparatus for use in making downhola mea- 75 
surements during the drilling of a borehole 
using a bit at the bottom end of a drill string, 

said bit being rotated by a mud motor assem- 
bly having a power section, said apparatus 
comprising in combination: 20 

a measuring-while-drilling tool above said 
motor assembly and including first means for 
telemetering signals representative of down- 
hole measurements to the surface: 

sensor means between said power section 25 
of said motor and said bit for making downhole 
nneasurements near said bit; and 

second means for telemetering signals re- 
presentative of said downhole measurements 
from said sensor means to said first telemeter- 30 
ing means to enable said first telemetering 
means to relay said signals to the surface. 

2. The apparatus of claim 1 wherein said drill 
string hais an internal bore and wherein said 35 
second telemetering means includes transmit- 
ter means for producing encoded signals 
which are representative of said measurements 

and for transmitting said encoded signals over 

a communication path that is external to said 40 

Internal bore of said drill string. 

3. The apparatus of claim 2 wherein said trans- 
mitter means includes means for producing 
sonic vibrations which are representative of 45 
said measurements and for coupling said vi- 
brations to said drill string. 

4. The apparatus of claim 2 wherein said trans- 
mitter means includes means for generating so 
encoded electromagnetic signals that are re- 
presentative of said measurements and pass 
through earth formations surrounding said 
borehole to an electromagnetic receiver asso- 
ciated with said first telemetering means.' • 55 

5. The apparatus of claim 1 wherein said first 
telemetering means includes means for pro- 


ducing encoded pressure pulses in the mud 
stream inside the drill string which travel up- 
ward to the surface where said pulses are 
detected. 

6. The apparatus of claim 1 further comprising: 

means included in said sensor means for 
making measurements of at least one of the 
following: 

gamma rays emanating naturally from the 
formations, electrical resistivity of the forma- 
tions, inclination of the borehole, and motor 
performance characteristics; and 

means for focusing at least one of said 
gamma ray and said resistivity measurements 
to provide a generally azimuthal measurement 
thereof. 

7. Apparatus for use in making downhole mea- 
surements during the drilling of a well bore 
with a drill string having a motor included 
therein that rotates a drill bit, said motor having 
a power section that drives an output shaft that 
is coupled to the bit and bearing means for 
stabilizing rotation of said bit and said shaft, 
said bearing means having a lower section 
adjacent the bit and an upper section spaced 
axially above said lower section, comprising: 

sensor means positioned between said up- 
per and lower bearing sections, said sensor 
means including a tubular housing and a man- 
drel mounted inside said housing, said man- 
drel having a central bore through which a 
portion of said shaft extends; 

annular chamber means between said 
housing and said mandrel; means mounted in 
said chamber means for making said dowrnhole 
measurements; and 

means for transmitting signals representa- 
tive thereof upward along the drill string to a 
receiver that is located above said rriotor. 

8. The apparatus of claim 7 further including 
means for sealing the upper and lower ends of 
said annular chamber means so that a power 
supply and electrical circuit means associated 
with said measuring means are located in an 
atmospheric environment. 

9. The apparatus of claim 7 further including up- 
per and lower means mounted externally on 
said housing for measuring the electrical re- 
sistivity of earth formations surrounding said 
well bore adjacent said sensor means. 

10. The apparatus of claim 9 wherein said upper 
measuring means includes a first electromag- 
netic coil assembly for generating electrical 
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currents which flow through walls of said hous- 
ing and out into said formations below said 
lower measuring means and then retum to said 
wall of said housing above said upper measur- 
ing means, and wherein said lower measuring 
means includes a second electromagnetic coil 
assembly for producing an electrical output 
that Is related to a characteristic of the elec- 
trical current returning to the said walls of said 
housing above said upper measuring means, 

11. The apparatus of claim 9 wherein one of said 
measuring means is mounted radially on said 
housing to provide a substantially laterally fo- 
cused, azimuthal response. 

12. The apparatus of claim 7 wherein said means 
for making said downhole measurements in- 
cludes detector means for producing an output 

in the presence of gamma rays which emanate 5 
naturally from said formation; and 

further including means for substantially 
focusing the response of said detector means 
so that it responds primarily to gamma rays 
emanating from a selected outward radial di- 2 
rection. 

13. The apparatus of claim 7 wherein said means 
for making said downhole measurements in- 
cludes detector means for measuring the num- a 
ber of revolutions per minute of said drive 
shaft, said detector means comprising: 

a tubular housing having said shaft extend- 
ing axially therethrough; 

means fixed to said shaft and carrying at 3t 
least one magnet that rotates with said shaft; 

magnetically operable sensing means 
mounted on said housing adjacent the path of 
rotation of said magnet; and 

means associated with said sensing 4q 
means for measuring the change in flux den- 
sity opposite said sensing means as a function 
of time due to rotation of said magnet there- 
past. 

45 

14. A method for directionally drilling a borehole 
into a targeted earth formation with a tool 
string that includes a drilling motor that drives 
a bit on the lower end of a drill string, compris- 
ing the steps of: 5^ 

curving said borehole until its lower end is 
within said targeted formation; 

drilling ahead while substantially within 
said targeted formation; 

measuring one or more characteristic S5 
properties of the arth formations adjacent the 
borehole which provide an indication if the 
borehole is approaching the top or the bottom 


of said targeted formation; and 

if said indication is given, deviating the 
wellbore such that it remains within said tar- 
geted formation. 

15. The method of claim 14 wherein said measur- 
ing step includes azimuthally sensing naturally 
occurring gamma radiations from the formation 
by measuring primarily those radiations com- 
ing into the borehole from a selected radial 
direction. 

16. The method of claim 14 wherein said measur- 
ing step includes generally azimuthally deter- 
mining the electrical resistivity of the formation 
in a selected radial. direction. 

17. The method of claim 14 including the further 
steps of making said measurements In the 
lowermost section of the borehole below said 
drilling motor; 

telemetering first signals representative of 
said measurements to detector means in the 
drill string above said motor; 

detecting said first signals; and 
then telemetering second signals repre- 
sentative of the detected signals to the top of 
the borehole. 

18. The method of claim 17 wherein said first 
signals are in the form of sonic vibrations that 
travel upward through said drill string. 

19. The method of claim 17 wherein said second 
signals are in the form of encoded pressure 
pulses that travel upward through the mud 
stream inside the drill string. 

20. The method of claim 16 wherein said electrical 
resistivity Is determined by operating a first 
electromagnetic means that induces axial flow 
of current in the walls of a portion of said tool 
string which passes out into the earth forma- 
tions and then returns to the walls of said tool 
string above said first electromagnetic means; 
and using a second electromagnetic means 
spaced below said first electromagnetic means 
to sense the magnitude of the current flow that 
returns to said walls. 

21. Apparatus for use in measuring the electrical 
resistivity of earth formations surrounding a 
borehole adjacent a drill bit that is rotated by a 
mud motor assembly, comprising: 

sensor means including a tubular housing 
located adjacent the lower end of said motor 
assembly; 

upper electromagnetic means on said 
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housing including a first insulated ring member 
having a first coil of insulated conductor wire 
wound thereon; 

lower electromagnetic means on said 
housing and being closely spaced to said up- 
per electromagnetic means, said lower means 
including a second insulated ring member hav- 
ing a second coil of insulated conductor wires 
wound thereon; 

sleeve means providing a protection for 
each of said upper and lower electromagnetic 
means; and 

insulation means between said sleeve 
means and housing arranged in a manner such 
that some of the electric currents produced 
through operation of said upper electromag- 
netic means flow downward through the walls 
of said housing and to pass out into the earth 
formations at locations below said lower elec- 
tromagnetic means, and other of said electric 
currents are permitted to flow out of the walls 
of said housing through said sleeve means and 
into the well annulus at locations between said 
upper and lower electromagnetic means. 

22. A method of transmitting signals representing 
downhole measurements from a measurement 
sub positioned near the bit in a drill string that 
includes a mud motor assembly and a measur- 
ing and telemetry tool in the drill string above 
the mud motor assembly, comprising the steps 
of: 

making measurements with said measure- 
ment sub and producing a telemetry frame of 
encoded signals that represents each of said 
measurements; 

using said encoded signals to drive a 
transmitter that produces sonic vibrations and 
couples said vibrations into the walls of the 
drill string; 

transmitting said vibrations up through the 
walls of the drill string to a receiver that is 
associated with said measuring and telemetry 
tool; 

sensing said vibrations with said receiver 
arid producing output signals representative 
thereof; 

processing said output signals to convert 
them into digital signals; feeding said digital 
signals to said measuring and telemetry tool; 
and 

using saiid measuring and telemetry tool to 
transmit to the surface pressure pulses In the 
drilling mud that represent said digital signals, 
so that said pressure pulses can be detected 
and decoded at the surface to reproduce the 
said measurements for display and analysis. 


23. The method of claim 22 including the steps of 
exciting said transmitter in a manner such that 
It produces sequences of individual bursts of 
sonic vibrations; and timing said bursts such 

5 that they provide digital data. 

24. The method of claim 22 wherein said sensing 
step includes recognizing patterns of said digi- 
tal output signals; and converting said patterns 

10 to digital signals which are fed to said measur- 

ing and telemetry tool. 

25. The method of claim 22 further including the 
steps of filtering said output signals; storing the 

15 filtered signals in a register; and sensing the 

content of said register at selected time inter- 
vals. 

26. The method of claim 22 including the step of 
20 operating said receiver in a manner such that it 

resonates at the carrier frequency to thereby- 
act as a band-pass filter to provide improved 
noise rejection, 

25 27. A method of making near-bit measurements 
with a sensor sub located adjacent the low end 
of a drilling motor assembly, said sensor sub 
having a power supply for providing electrical 
power to associated measuring means on said 

30 sub, comprising the steps of: 

providing said measurement means with 
electrical power from said power supply during 
operation of said drilling motor; 

switching off said power supply when said 

35 motor is not operating to conserve energy fur- 

nished by said power supply; and 

switching said power supply back on when 
said drilling motor starts operating, said switch- 
ing being accomplished in response to a mea- 

40 surement of the rpm of the drive shaft of said 

drilling motor. 

28. A method of telemetering signals representing 
downhole measurements from a measurement 

45 sub positioned near the bit in a drill string that 

includes a mud motor assembly and a measur- 
ing and telemetry tool in the drill string above 
said motor assembly, comprising the steps of: 
making measurements with said sub and 

50 providing a telemetry frame of encoded signals 

that represents each of said measurements; 

energizing a transmitter coil on said sub 
with said signals which induces electrical cur- 
rents to flow downward through the walls of 

55 said sub, out into the earth formations sur- 

rounding the lower portion of said drill string, 
upward through said formations, and then back 
into the walls of said drill string adjacent said 
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measuring' and telemetry tool, said telemetry 
frame oi signals being encoded by causing 
periodic shifts in the phase of said induced 
electrical currents; 

sensing the returning currents adjacent 5 
said measuring and telemetry tool with a re- 
ceiver coil that produces output signals in re- 
sponse to said returning currents; decoding 
said output signals; and 

using said decoded signals to cause said to 
measuring and telemetry tool to transmit other 
signals to the surface which represent each of 
said measurements. 
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® Method of and apparatus for making near-bit measurements while drilling. 


(g) In accordance with illustrative embodiments of 
the present invention, a measuring-while-drilling sys- 
tem includes a sensor sub (22) positioned at the 
lower end of a downhole motor assembly (14) so 
that the sub is located near the drill bit (13). The sub 
houses instrumentalities that measure various down- 
hole parameters such as inclination of the borehole, 
the natural gamma ray emission of the formations, 
the electrical resistivity of the formations, and a 


number of mechanical drilling performance param- 
eters. Sonic or electromagnetic telemetry signals 
representing these measurements are transmitted 
uphole to a receiver (T) associated with a conven- 
tional MWD tool located above the motor (14), and 
telemetered by this tool to the surface substantially 
in real time. The system has particular application to 
accurate control over the drilling of extended reach 
and horizontally drilled wells. 
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